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Electronic Determination of Rapidly Induced High 
Temperature Mortality in Pinus ponderosa seedlings (55 
pp.)
Director: Dr. Steven W. RunningJit
This study tested for the presence and significance 
of electrical discontinuities occurring at the point 
of rapidly induced heat mortality in Pinus ponderosa 
seedlings. Ten pairs of control and test seedlings 
were potted and subjected to progressive degrees of 
heat stress from ambient temperature to 70 degrees C. 
at 5 degree C intervals. Test seedlings were equipped 
with a chromel-alumel thermocouple to monitor internal 
stem temperature and a two pronged probe for 
application of 4.5 volts peak to peak alternating 
current and monitoring changes in current attenuation 
as a result of increased temperature stress. Current 
was supplied and monitored at 256 frequencies, ranging 
from 116hz to 46,326hz, by a microprocessor controlled 
amplitude monitor (MCAM) developed for this study. At 
each 5 degree C. temperature interval applied and 
attenuated voltage was measured and recorded for all 
256 frequencies by MCAM, an applied/attenuated voltage 
ratio calculated and graphs by individual seedling of 
ratio over frequency by temperature developed. Data 
was then analyzed 1) for significant differences
between the slopes of voltage ratio curves by 
temperature and 2) for significant differences between 
data at frequencies 116hz through l,778hz by
temperature, frequency and diameter class through
Analysis of Variance and Duncans Multiple Range Test.
Results verify the presence of an electrical 
discontinuity occurring at the 55 degrees C. 
temperature associated with thermal mortality in 
conifer seedlings. Four levels of electrical response 
to temperature were found; a starting temperature, 30 
to 50 degrees C., 55 degrees C. and above 55 degrees C 
which may be associated with varying degrees of heat 
induced damage. Frequencies below 2,OOhz are the most 
responsive to monitoring cellular attenuation, but 
frequencies below lOOhz require further evaluation.
ii
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CHAPTER I 
INTRODUCTION
It is not difficult to observe timber management sites 
where attempts to reestablish desirable coniferous species 
have ended in failure. Many factors may contribute to
these failures but the presence of environmental extremes, 
most notably high temperature and drought, are among the
most important. Instruments observing the point of heat
and moisture stress mortality are tools in understanding 
the causes of regeneration failure and reducing the
potential for future failures. The portable pressure 
chamber is a convenient nondestructive method for observing 
moisture stress conditions, but no such instrumentation is 
available to monitor the presence or degree of heat stress.
Tolerance thresholds differences and time of exposure are 
the dominant factors controlling high temperature cellular 
response variation between species (Levitt, 1980). Conifers 
are classified as moderate thermophiles and can survive to 
a maximum temperature ranging from 45-65 degrees C. As 
temperature increases the amount of time required to induce 
stress and death decreases, at 55 degrees C. conifer 
mortality may occur within 5 minutes. Lower temperature 
mortality also occurs but more slowly.
Primary direct injury is the result of short duration 
exposure (seconds to 30 min.) to high temperatures (Levit 
1980). Cellular damage includes lipid hyperfluidity.
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membrane disruption and a loss of semi-permeability. 
Membrane disruption can result in the formation of white 
spots or stem constrictions due to cell collapse at the 
point of injury (Baker 1929, Smith and Silen 1963).
Reductions or restrictions in water movement or food 
transport reduce growth and can result in seedling death. 
If cellular mortality includes the cambium the seedling 
will die.
Temperatures necessary for primary direct injury occur in 
the environments of many conifer species. Although air
temperatures never reach the 55 degrees C. necessary to
cause death, soil surface temperature will. Soil absorbs
large amounts of radiant energy and transfer this energy to 
the seedling stem, maximum heat transfer occurring at the 
soil-air interface (Baker 1929, Smith and Silen 1963). In 
Pennsylvania, Deely and Borden (1969) observed soil 
temperatures of 50-55 degrees C in light colored soils and 
70 degrees C on darker soils. DeByle (1981) found maximum 
soil temperatures of 79 degrees C. on clearcuts in western 
Montana.
Osterhout (1922) established direct measurements of 
electrical impedance as a reliable indicator of plant 
tissue vitality. Impedance is the resistance to current 
flow in an alternating current system and is a combination 
of resistance and capacitive reactance (Rothschild 1946). 
Resistance is a measure of the ability of a medium to pass
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direct current and capacitive reactance is the changing 
opposition of a capacitor to the flow of alternating 
current. Plant cell impedance is due to the plasma 
membrane, cell electrolytes, and extra cellular fluids. 
Because the plasma membrane is a poor conductor and acts as 
a leaky capacitor the cellular system can be described as 
resistors and capacitors in parallel, the combination of
which is measured as impedance in ohms (Glerum and
Krenciglowa 1970, Wenny 1981).
Numerous workers have demonstrated the dependence of
impedance measurements upon the frequency of the applied 
current (DePlater and Greenham 1959, Everet 1972). A 
healthy tissue will exhibit low impedance at high
frequencies and a high impedance at low frequencies. This 
is a result of different impedance frequency responses 
exhibited by different cell components. The cell wall
resistance and capacitance is low and consistent regardless
of frequency. The plasma membrane exhibits high resistance 
and capacitance at low frequencies but shows decreases in 
resistance as frequencies increase. The cytoplasm and
vacuoles show very low resistance and negligible
capacitance (Glerum and Krenciglowa 1970). Any
measurable attenuation of current is due to the presence of 
the plasma membrane.
Luyet (19 32) found impedance measured at a low frequency 
of Ikh. decreased with increasing injury, while at imh. the
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impedance of living and dead tissue was approximately the 
same. when membranes are intact, as in healthy tissue, 
impedance occurs at the plasma membrane. As increased 
injury breaks down the plasma membrane more current passes 
through the membrane and resistance increasingly occurs in 
the cytoplasm. Impedance decreases and reaches a minimum 
upon death, a minimum approximately equal to the high 
frequency impedance of healthy tissue. Greenham and Daday 
(1957) and DePlater and Greenham (1959) noting
inconsistencies in impedance measurements at 1 khz
suggested the use of a low frequency/high frequency ratio. 
Frequency ratios greater than 3.0 indicated healthy
seedlings, while 1.0 was indicative of dead seedlings.
Greenham and Daday (1957) evaluated the effects of cold
hardiness upon resistance and impedance measurements using
the Khz/Mhz ratio and established differences between 
ecotypes and conifer species. Van den Driesche (1969,70) 
in his studies of Douglas fir found the impedance method as 
useful as conductivity and simpler when evaluating conifer 
seedling frost hardiness. Fensom (1966) established an
inverse relationship between tree resistance and air
temperature as air temperature increased from -10 to 30 
degrees C . . Glerum (1962,69,70) observed an increase in 
impedance upon freezing and a decrease with thawing. The 
effects of boiling and freezing where death resulted
reduced impedances 7 3-81% and 76-93% respectively.
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Glerum (1980) found stem diameters above .5 cm. show a 
minimal effect on the consistency of impedance measurements 
and when moisture content was above the fiber saturation 
point the effect of water was also minimal.
The oscilloscope displays various AC voltage and current 
waveform patterns. Changes in physiological status alters 
cell membrane capacitance which affects waveform patterns. 
As capacitance increases, opposition to alternating current 
flow decreases. Since high frequency signals are impeded 
less than low frequency signals the square wave will
exhibit a spike on the leading (high frequency) edge of the 
pattern. This is the active state. If capacitance 
decreases opposition to flow increases and the leading edge 
of the pattern will slowly drop and the normal square 
pattern will be seen, indicating the dormant state. Upon 
death, capacitance is lost and a saw-toothed pattern is 
exhibited.
Zaerr (1972) evaluated the oscilloscope for use in
detecting live and dead tissue. In tests with boiled and 
frozen tissues he found observably different waveform
patterns between live and dead tissues. Ferguson et.al. 
(1975) used the oscilloscope and square wave generator for 
detecting dormancy in nursery stock, Holbo et.al. (1981) 
evaluated the ability of the oscilloscope to reveal 
dormancy status and determined the technique inconsistent 
in dormancy prediction. Askren and Herman (1979) found a
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lack of conclusive evidence that the oscilloscope could 
predict stocking survivability. Wenny (1981) found changes 
from the active to inactive waveform did not correlate well 
with poststorage outplanting survival for all species but 
had a highly significant correlation with cold hardiness 
development. The oscilloscope will detect improper storage 
conditions when low temperatures have not been maintained 
and seedling activity has been initiated. He also observed 
alterations of waveform patterns due to stress conditions 
causing active seedlings to appear inactive. Through 
experience such patterns can be identified and eliminated 
as sources of variation (Wenny 1981).
This study tested for the presence and significance of 
electrical discontinuities occurring at the point of 
rapidly induced heat mortality in Pinus ponderosa 
seedlings, and was conducted in such a manner such that a 
natural progression of increasing heat stress and mortality 
was approximated. The instrument developed for use in this 
study, a microprocessor controlled amplitude monitor (MCAM) 
measures and records temperature data and changes in 
current attenuation exhibited by seedlings under varying 
degrees of stress. MCAM collects this data at 256 
frequencies (117hz to 46,326hz).
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CHAPTER II 
METHODS
Test Chamber
The test chamber was a wood box 9lcm x 91cm x 30cm filled 
with a dark sandy loam soil. In the center of this box was 
a 15cm diameter hole in which the pot containing the test 
and control seedlings were placed. The soil in the pot was 
kept moist to eliminate soil moisture deficit as a source 
of secondary heat stress. The source of heat was a bank of 
four 150 watt spot reflector bulbs located 91cm above and 
at a 45 degree angle to the seedlings. Shade cards were 
used to protect seedling foliage from direct illumination 
and reduce évapotranspiration. The desired effect of 
shading and moist soil was to eliminate increases in Plant 
Moisture Stress (PMS) during testing.
Test Seedling
Prior to testing two seedlings, one control and one test 
were potted in each of 50 15cm pots. Pairings matched 
seedlings of approximately equal diameter. Pots were 
maintained in a growth chamber at 25% full sunlight, 25 
degrees C and Plant Moisture Stress (PMS) below -10 bars. 
This allowed for uniformity between seedlings and an equal 
ability to carry on photosynthesis, transpiration and other 
metabolic processes (Cleary 1978). A hole was made with a 
sewing needle at the soil-air interface approximately 1/2
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the seedling diameter on the side facing away from the
illumination source. A Chromel-Alumel .1cm (.04 in)
thermocouple was placed in the hole and sealed with Silicon 
Rubber Sealer. The instrument probe was inserted into the 
stem at the soil-air interface. Insertion was completely 
through the center of the stem, perpendicular to the
illumination source. Protruding probe tips, probe housing 
and lead wires were insulated from radiation with cotton 
and cork. The control was not altered in any physical way.
Testing Procedure
A test and control within each seedling pair was randomly 
selected by a dice roll, prepared as above and placed into 
the test chamber. Each seedlings was measured for Plant 
Moisture Stress and diameter. Illumination time was also 
monitored and recorded (Table 1). Seedling stems were 
illuminated and 1ST monitored. Data were collected prior 
to illumination and then at 5 degree C intervals from 30 to 
70 degrees C. . Data were temporarily stored in the
microprocessor and then transferred to IBM disks for
permanent storage. Upon test completion seedlings were
removed from the test chamber, tested again for PMS,
returned to the growth chamber and observed for signs of
actual death.
8
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Table 1. Data collected from Pinus ponderosa seedlings 
during test.
Seedling
Number
PMS
Start
PMS
Finish Diameter(cm)
Time
of
Test(min)
IT* - 7.0 - 7.0 .51 61
2T - 7.0 - 7.0 .53 58
3T - 9.0 - 9.2 .47 54
4T -11.0 -10.5 .50 51
5T - 7.0 - 7.0 .42 56
6T - 7.4 - 7.6 .62 63
7T — 8.2 - 8.2 .68 70
8T -11.0 -11.0 .57 83
9T — 8.0 - 8.3 .49 61
lOT -12.0 - 9.5 .43 55
1C+ - 7.0 - 7.5 .50 61
2C - 7.0 - 7.5 .43 58
30 -10.0 -10 .1 .42 54
40 -11.0 - 7.0 .53 51
50 - 6.5 - 8.5 .51 56
60 - 7.2 - 7.6 .60 63
70 - 9.2 - 9.5 . 66 70
80 — 9.0 — 8.0 .53 83
90 - 9.0 - 7.4 . 47 61
100 -10.0 - 8.7 .40 55
* Test seedlings 
+ Control seedlings
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Variables
The dependent variable was a ratio of AC voltage 
returning to the processor after passing through the plant 
(output) to the voltage initially supplied by the processor 
(input). Amplitude, a measure of current flow, is used 
because it is a simple, yet sound method of measuring 
electrical attenuation by the plant. A ratio was used to 
nullify any input voltage fluctuations.
An alternative to alternating current parameters is the 
use of direct current. Alternating current eliminates 
polarization which may occur with direct current and
distort results (Van den Driesche 1969). The independent
variables were 1ST in degrees centigrade to the nearest 
degree, frequency in hertz and diameter class above and
below .5cm.
Equipment
The MCAM is a two part unit consisting of a signal
conditioning board and a microprocessor. The
microprocessor unit includes a central processing board, a 
16K memory board, and a serial interface board. The signal 
board uses a Sorensen Model QDR 20-4 power supply to
generate a current of fixed input DC voltage to the
microprocessor. A variable frequency sine wave generator 
microchip generates a 4.5 volt rms current at the first of 
256 predetermined frequencies (Appendix A) ranging from
10
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116hz to 46,326hz. The processor applies this current to 
the seedling stem via a two pronged probe linked with 1.22m 
of co-axial cable. The pins are stainless steel number 8 
sewing needles located 1 cm apart. Current generated
moves into the plant through one prong of the probe and
travels through the stem where voltage is attenuated by the 
cells it passes through. The amount of voltage remaining 
is monitored by the second prong, processed by the central 
processing board and stored in the memory board. The 
processing board now causes the signal board to generate 
voltage at the second frequency and the process repeats at
all 256 frequencies. Concurrently, the processor measures
and stores 1ST by monitoring the chromel-alumel 
thermocouple implanted in the stem. The time required for 
one data set of 256 frequencies is approximately seven 
seconds.
The serial interface board acts as a transfer link to an 
IBM microcomputer. A BASIC program (Appendix C) connects 
MCAM to the IBM via the RS-2 32 port allowing operation and 
control through the IBM (Appendix D ) . When an 1ST 
requiring data collection is reached the data collection 
program stored in the processor is activated. Data are 
collected, transferred to the IBM as hexidecimal digits 
converted to decimal digits (Appendix E) and stored on 
floppy disks.
11
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Analysis Methods
Analysis methods were determined by visual evaluation of 
MCAMS graphically represented data (Fig. 1). Because 
predominant frequency response occurs within the lower 
frequencies statistical analysis was performed only on data 
generated from frequencies 116hz through l,778hz (Fig. 2, 
Appendix F). Three observations are evident from these 
graphs; 1) ratio values decrease with increasing 
temperature and frequency, 2) an apparent discontinuity 
occurs at 55-60 degrees C., 3) the shape or slope of the
curve varies at 55-60 degrees C. . From these observations 
two analysis approaches were instigated. First, to 
evaluate curve shape for significant differences due to 
temperature, each curve was characterized by fitting a 
linear regression to data collected (Appendix G). A power 
transformation of frequency to the .025 power linearized 
the model and linear regression of Ratio on Frequency fit 
an equation of the following form;
estimated ratio = Y-intercept + (Slope x Frequency **.025).
This form does not attempt to explain theoretical 
relationships between dependent and independent variables 
but only to summarize the data for comparison. Analysis of 
Variance (alpha = .05) on regression slopes determined the 
significance of temperature, and Duncans Multiple Range 
test(alpha = .05) evaluated significant differences between
12
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Figure 1, Inpuc/output voltage ratios generated from 
frequencies 116hz through 46.326hz by MCAM at 10 temperatures for 1 seedling.
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Figure 2. Input/output voltage ratios generated from 
frequencies II6hz through 1778hz by MCAM at 10 
temperatures for 1 seedling.
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group means. Secondly, a three-level nested Analysis of 
Variance was run on the first ten data points at each 
temperature with six seedlings for repetition. The 
dependent variable is the natural log of the square root 
of the voltage ratio. The transformation was applied to 
supply homogeneity of variance. The independent variables 
were seedlings, diameter class (>.05cm, <.05cm),
temperature and frequency. Duncans Multiple Range Test at 
a .05 alpha level was used to compare temperature group 
means.
15
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CHAPTER III 
RESULTS AND DISCUSSION
Curve Shape Analysis
Analysis of Variance of temperature on slopes (Table 2) 
showed a significant treatment effect due to temperature. 
Duncan's Multiple Range test offers three distinct slope 
classes; a starting temperature, a 30-50 degree C class and 
a 55-70 degree C class (Table 3 and Figure 3 ). Class 1 
curves, starting temperature (STRT), exhibited high slope 
values, indicating considerable voltage attenuation and low 
frequency voltage response. This curve represents a 
starting point from which any subsequent damage is
compared. Class 2, 30-50 degrees C . , curves display
decreased slope values from Class 1 curves. Less voltage 
was attenuated and a decreased frequency effect was
observed. Attenuation and frequency effects may be due to 
temperature induced cell membrane disruption and resulting 
solute leakage, however the effects of temperature on an
ionic solution may be an important factor. As solution 
temperature increases the mobility of ions through a 
solution increases due to a decrease in viscosity,
resulting in decreased resistance. The combination of
increased frequency, decreased solution resistance and
membrane damage resulted in decreased slope values.
Inability to isolate membrane damage response negated
16
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Figure 3. Representative curves for each curve slope 
class (Table 5). Increasing temperatures result in 
decreased slope values, which can be used to classify 
deerees of heat stress.^ 17
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Table 2. Analysis of Variance Temperature on Curve Slope.
Dependent variable Machine/Plant Volt Ratio in hertz.
Independent variables:
Variable Slope; Slope of regression line by seedling
and temperature
Variable Temperature; Temperature in degree C.
Analysis of Variance
Source DF SS MS F Ratio Sig of
Temperature 9 561 . 5003 62. 3889 14.528 0 .00
Within groups 88 377 .8986 4 .2942
Totals 97 939 . 3989
Reject null. There is a significant treatment effect due
to temperature. alpha = .05
Table 3. Duncans Multiple Range Test for Curve Slopes.
S 3 3 4 4 5 5 6 6 7
T 0 5 0 5 0 5 0 5 0
R
T C C C C C C C C C
Mean Group
-9.34 STRT
-7.31 30 C *
-6.56 35 C *
-6.31 40 C *
-5.87 45 C *
-5.18 50 C * *
-3.53 55 C * * * * *
-2.30 60 C * * * * * *
-2.17 65 C * * * * * *
-1.94 70 C * * * * * *
Alpha = .05
18
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determination of the degree of damage due to increased 
temperatures. Class 3, 55-70 degrees C., curves exhibit
the lowest slope values,and represent the point of rapid 
heat induced mortality. Membrane disruption resulted in 
solute leakage and complete loss of membrane capacitance. 
Current moves through an ionic solution having low 
resistance and no capacitance resulting in greatly reduced 
voltage attenuation. Membrane disruption nullifies low 
frequency effects resulting in minimal slope values. Slope 
class group means and associated 95% confidence intervals 
provide numerical values for class delineitions and 
isolation of the point of rapidly induced heat mortality 
(Table 4) .
Datapoint Analysis
Analysis of variance indicates significant treatment 
effects due to diameter and temperature and no significant 
difference between the response of individual seedlings 
(Table 5). Duncan's test (Table 6) breaks temperature into 
4 distinct groups; starting temperature (STRT) - 50 degrees 
C., 55 degrees C. , 60-65 degrees C. , and 70 degrees C..
Examination of cell means and their 95% confidence 
intervals (Table 7) offered group solidification and 
numerical values for association with possible degrees of 
damage (Table 8). Level 1, Strt - 50 degrees C., shows no
19
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Table 4. Numerical values of Curve Slope Classes and 
speculated damage.
C T
1 e
a m
s p
s
M
e
a
n
Std. 
Dev. 95%
Confidence
Interval
Speculated
Damage
S t r t - 9 . 3 4 3 . 6 8 - 6 . 7 1  to -11.97 No treatment
damage.
30-50 C -6.30 2.37 -5.62 to -6.98 Treatment effect
evident, degree 
of damage 
uncertin.
55-70 C -2.41 1.0 -2.09 to -2.73 Death emminent.
Table 5. Analysis of Variance for data at frequencies 
ll7hz through I778hz.
Dependent variable;
Independent variables:
Variable Seedling; 
Variable Temperature; 
Variable Frequency; 
Variable Diameter;
Machine/Plant volt Ratio in hertz
Six seedlings tested 
Temperature in degrees centigrade. 
Frequency of current in hertz. 
Seedling diameter by class (>.5,<.5) 
in centimeters.
Source
Analysis of Variance 
DF SS MS
Seedling 5
Diameter/S 6
Temperature/D/S 108
Frequency/T/D/S 1080
5.42 
4 .92 
.93 
2.77
Totals 1199 14.04
* Significant at the .05 level.
1.08 
0 . 82 
0 .0086 
0 .0026
F Ratio
1. 31 
95.35* 
3 . 31*
20
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Table 6. Duncans Multiple Range Test for Datapoints.
6 6 7 5 5 4 4 3 3 S
5 0 0 5 0 0 5 5 0 T
C C C C C C C C C T
Mean Group
.0322 65 C
.0388 60 C
.1173 70 C * *
. 1630 55 C * *
.2370 50 C * * * *
.2527 40 C * * * *
. 2582 45 C * * * *
.2615 35 C * * * *
.2738 30 C * * * *
.3140 STRT * * * * *
Alpha = .05
Table 7. Temperature group means and their 95% Confidence
intervals for datapoint analysis
Standard 95%
Group Count Mean Deviation Confidence Interval
STRT 60 . 314 .160 .273 to .355
30 C 60 . 274 .135 .239 to .309
35 C 60 .261 .130 .227 to .295
40 C 60 .253 .229 .202 to .304
45 C 60 . 258 . 113 .229 to .287
50 C 60 .237 .106 .208 to .264
55 C 60 .163 .121 .132 to .194
60 C 60 .039 . 106 .012 to .066
65 C 60 .032 .090 .008 to .055
70 C 60 . 117 . 108 .089 to .145
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Table 8. Numerical values for datapoint analysis levels.
L T M
e e e Std . 95%
V m a Dev. Confidence Speculated
e
1 P
n Interval Damage
1 Strt - 50 C . 266 .130 .213 to .279 Some damage
may have occured
degree unknown.
2 55 C .163 .121 .132 to .194 Point of
rapidly induced
heat mortality.
3 60 - 70 C .063 .108 .047 to .079 Death imminent.
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treatment effects until temperature reaches 50 degrees C . . 
At this temperature a significant difference from the Strt. 
mean voltage ratio is observed (Table 6) suggesting the 
initiation of cell membrane disruption and loss of 
membrane capacitance.
At level 2, 55 degrees C., cell membrane disruption and
solute leakage have dramatically reduced voltage 
attenuation by the plant system. This is speculated as 
the point of rapidly induced heat mortality and survival is 
highly suspect. Level 3, 60-70 degrees C., is indicative
of a dead seedling. All seedlings heated to these extremes 
died. The live-dead status of seedling whose datapoint
mean falls between Levels 1 and 2 remains unclear, but
future study concentrating on clarification of this range 
may eliminate uncertainty.
I feel the datapoint analysis method has the higher 
potential for isolating the point of rapidly induced heat 
mortality. This method has shown the critical 55 degree C. 
temperature response to be isolated from all other 
temperature responses, indicating the occurrence of a 
sudden and significant reduction in voltage attenuation
possibly due to a fatal disruption of cellular membranes.
An evaluation of frequency range 116hz to 46,326hz 
indicates little alteration in frequency response from 
7khz-4 6 ,326hz, but a dramatic response from 116hz-2000hz 
(Figure 1). At lower frequencies cell membrane impedance
23
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is measured. As frequency increases less voltage is 
attenuated by the membranes and passes into the low 
impedance cytoplasm causing decreasing ratio values. When 
cell membranes are disrupted by heat damage low frequency 
responses are eliminated and only cytoplasmic attenuation 
is measured, resulting in a relatively straight line 
response curve. Although results substantiate previous 
evidence that frequencies below l,000hz should be used in 
electrical analysis, these data suggest analysis of 
frequencies less than 116hz may prove informative as the 
range from 116hz to 2,OOOhz seems to be the tail of the 
active frequency range.
Stem diameter at the air-soil interface was shown to be a 
statistically significant source of variation. Because 
diameters above .5cm exert little influence on electrical 
measurements variation due to diameter is the result of 
seedlings with less than .5cm diameters. Many seedling 
diameters are below .5cm indicating the need for 
establishing a stem diameter / voltage attenuation 
relationship to give consistency to measurements.
These results confirm the existence of electrical 
discontinuities at the 55 degree C temperature associated 
with thermal death in conifer cells. They have not proven 
that seedling death and electrical discontinuity are 
correlated, although future studies subjecting seedlings to 
heat stress until mean ratio values fall within the
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parameters of Level 2 (Table 8) followed by removal to a 
growth chamber and observation for signs of death could 
clarify this supposition. These results are valid only for 
Pinus ponderosa seedlings of the seed source tested. Tests 
are needed for other species and for comparison among other 
Pinus ponderosa seed sources.
This study has established MCAM as an effective tool for 
bioelectrical analysis. Its microprocessor technology 
allows rapid and accurate data collection, transport and 
storage, while reducing the potential for human error by 
reducing human responsibility in these processes. By 
replacing the IBM-PC with a lap or hand held programmable 
computer a compact portable unit could be obtained. Its 
programmability expands the potential of the MCAM to a wide 
variety of uses.
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Appendix A. Machine code program for MCAM microprocessor.
400 CD 04 lA CD 04 2D CD 04 37 CD 04 4C B6 33 26 P6
410 CD 04 53 B6 31 26 EC CC 07 57 CD 04 60 CD 04 7B
420 CD 04 88 CD 04 A1 CD 04 AA CD 04 C3 81 CD 04 DE
430 CD 04 E9 CD 05 01 81 CD 05 13 CC 05 37 CC 05 Al
440 CD 05 DC CD 05 EA CD 06 9A CC 04 09 CD 06 86 CD
450 06 79 81 9D 9D 9D CD 06 AC CD 06 BE CD 06 D8 81
460 A6 DF B7 05 A6 11 B7 01 A6 10 B7 01 A6 FF B7 04
470 A6 30 B7 00 9D 9D A6 28 B7 00 81 A6 01 B7 31 4F
480 Cl 02 20 A6 10 B7 30 81 A6 CC Cl 02 10 C7 02 16
490 A6 05 Cl 02 11 Cl 02 17 A6 00 Cl 02 12 C7 02 18
4A0 81 A6 01 B7 DO A6 15 B7 D6 81 CD 07 51 81 07 31
4B0 91 9D 9D B7 31 97 CD 07 50 D7 02 20 5A 2A F7 CD
4C0 07 51 81 A6 2D C7 02 OA A6 8A Cl 02 OB A6 00 Cl
4D0 02 0.0 C7 02 02 Cl 02 04 A6 OA Cl 02 OB 81 A6 11
4E0 B7 01 A6 10 B7 01 3F 33 81 AD OA 3A 31 CD 05 F8
4F0 CD 06 57 BE 31 B6 34 D1 02 20 25 FI B7 35 1C 01
500 81 A6 80 C4 02 OA 26 F9 C6 02 00 B7 37 C6 02 02
510 B7 36 81 B6 33 A1 02 22 04 A6 42 20 12 A1 20 22
520 04 A6 08 20 OA A1 AO 22 04 A6 02 20 02 A6 01 5F
530 5A 26 FD 4A 26 F9 81 A6 50 Cl 02 18 A6 55 Cl 02
540 12 3F 38 A6 18 B7 09 3F 08 A6 48 B7 01 9A 20 FE
550 IF 09 3C 3B 80 A6 58 B7 09 18 01 BE 33 B6 3B D7
560 OA 00 4F BO 08 D7 OB 00 9C CC 04 3D A6 85 Cl 02
570 18 A6 8A C7 02 12 3F 3C A6 18 B7 09 3F 08 A6 40
29
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580 B6 01 9A 20 FE IF 09 3C 3C 80 A6 58 B7 09 18 01
590 BE 33 B6 3C D7 OC 00 4F BO 08 D7 OD 00 9C CC 04
5A0 43 A6 BC C7 02 18 A6 C7 C7 02 12 3F 3D A6 38 B7
5B0 09 A6 01 B7 08 A6 40 B7 01 9A 20 FE 1C 09 5F 9A
5C0 5C 26 FD 3C 3D 20 F9 18 01 A6 58 B7 09 9F BE 33
5D0 D7 OF 00 B6 3D D7 OE 00 9C CC 04 40 CD 06 17 CD
5E0 06 57 BE 33 B6 34 D7 08 00 81 CD 06 36 CD 06 57
5F0 BE 33 B6 34 D7 09 00 81 IF 00 IB 00 1C 00 IE 00
600 IF 00 ID 00 IE 00 IF 00 1C 00 IE 00 IF 00 IE 00
610 IF 00 ID 00 IE 00 81 IF 00 IB 00 1C 00 IE 00 IF
620 00 ID 00 IE 00 IF 00 1C 00 IE 00 IF 00 ID 00 IE
630 00 IF 00 IE 00 81 IF 00 IB 00 1C 00 IE 00 IF 00
640 ID 00 IE 00 IF 00 1C 00 IE 00 IF 00 ID 00 IE 00
650 IF 00 1C 00 IE 00 81 ID 04 IF 00 AE 02 IE 00 IF
660 00 OD 00 01 5C IE 00 58 24 F5 IF 00 OD 00 01 5C
670 IE 00 BF 34 1C 04 lA 00 81 B6 30 IE 01 9D IF 01
680 3C 33 4A 26 F6 81 B6 33 A1 00 27 08 A1 20 27 04
690 A1 90 26 05 14 01 9D 15 01 81 ID 01 CD 05 F8 CD
6A0 06 57 B6 34 BE 33 D7 OC 00 1C 01 81 A6 80 C4 02
6B0 OA 26 F9 C6 02 00 B7 3A C6 02 02 B7 39 81 B6 35
6C0 CD 07 22 B6 36 CD 07 22 B6 37 CD 07 22 B6 39 CD
6D0 07 22 B6 3A CD 07 22 81 5F D6 OC 00 CD 07 22 D6
6E0 08 00 CD 07 22 D6 09 00 CD 07 22 D6 OC 00 9D 9D
6F0 9D D6 OD 00 9D 9D 9D D6 OE 00 CD 07 22 D6 OF 00
700 CD 07 22 D6 OA 00 CD 07 22 D6 OB 00 CD 07 22 9F
710 BB 30 27 03 97 20 C2 A6 23 CD 07 44 A6 OD CD 07
30
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720 44 81 B6 16 44 44 44 44 CD 07 31 B6 16 CD 07 31
730 81 A4 OF AB 30 A1 3A 25 02 AB 07 CD 07 44 A6 OD
740 CD 07 44 81 B7 15 B7 D4 A6 BO 4A 26 FD B6 15 81
750 81 01 07 FD B6 D5 81 A6 40 B7 05 B7 01 CC 18 A8
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Appendix B. Frequencies used in this study.
116 254 436 605 812 989 1190 1369 1600
1778 1983 2161 2375 2557 2758 2937 3175 3354
3556 3735 3951 4134 4336 4520 4745 4929 5128
5302 5510 5686 5900 6074 6319 6319 6516 6692
6900 7064 7261 7438 7663 7837 8032 8205 8399
8574 8772 8949 9172 9349 9581 9715 9922 10101
10296 10447 10667 10840 11042 11204 11420 11594 11786
11958 12163 12331 12520 12698 12914 13072 13267 13434
13658 13838 14017 14184 14376 14552 14753 14918 15152
15304 15504 15686 15897 16040 16235 16410 16641 16824
17012 17177 17372 17544 17748 17897 18141 14328 18519
18681 18879 19048 19254 19429 19644 19790 20013 20164
20395 20552 20752 20874 21080 21248 21462 21592 21813
21993 22176 22362 22551 22743 22890 23088 23290 23443
23651 23810 24078 24242 24409 24578 24806 24980 25157
25337 25518 25703 25890 26080 26273 26468 26600 26801
27004 26885 27090 27246 27438 27616 27796 27941 28144
28312 28501 28674 28868 29025 29224 29365 29609 29774
29963 30132 30325 30476 30673 30829 31053 31212 31396
31558 31746 31912 32104 32250 32471 32645 32846 32998
33178 33333 33517 33675 33889 34052 34215 34409 34765
34745 34944 35088 35291 35467 35645 35794 35975 36158
36343 36498 36718 36877 37069 37231 37427 37559 37758
37926 38129 38300 38508 38647 38859 39001 39180 39360
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39543 39727 39913 40063 30252 40404 40596 40751 40986
41144 41344 41464 41667 41789 41995 42119 42328 42497
42667 42838 43054 43185 43360 43537 43761 43896 44077
44260 44444 44584 44771 44960 45150 45294 45487 45633
45829 45977 46176 45326
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Appendix C. Basic program connecting IBM-PC to MCAM.
10 KEY OFF: CLS: CLOSE 
20 DEFINT A-Z
30 FALSE = 0: TRUE = NOT FALSE
40 XOFF$ = CHR$(19): XON$ = CHR$(17)
45 INPUT "INPUT FILE NAME THIS RUN";F$
50 OPEN "COM2 : 9600,N,7" AS #1 
55 OPEN F$ FOR OUTPUT AS #3 
60 OPEN "SCRNr" FOR OUTPUT AS 2 
70 LOCATE ,,1
80 PAUSE = FALSE: ON ERROR GOTO 9000 
90 B$ = INKEY$: IF B$ = "/" THEN 800 
95 IF B$<>"" THEN PRINT #1,B$;
100 IF EOF(1) THEN 90
110 IF LOC(l) > 128 THEN PAUSE = TRUE: PRINT #1,X0FF$;
120 A$ = INPUT$ (L0C(1),#1)
125 PRINT #3, A$;
130 PRINT #2, A$
135 IF LOC(l) > 0 THEN 110
140 IF PAUSE THEN PAUSE = FALSE: PRINT #1, XON$ ;
150 GOTO 90 
800 CLOSE:END 
9000 PRINT "ERROR NO."; ERR: RESUME
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Appendix D. Operating instructions for MCAM.
1) Connect IBM-PC to MCAM via RS-2 3 2 port.
2) Run Connect Basic Program.
3) From IBM-PC keyboard enter G1700. Loads processor
into ROM.
4) Hit # on keyboard. Information typed on keyboard will
not be placed in data file.
5) Enter temperature and frequency information.
Default is 16 frequencies and l temperature.
A) Changes made each time you powerup:
Location From To
1 ) 41D CD 9D
2) 41E 04 9D
3 ) 41F 7B 9D
B ) .. Change temperature and frequency variables
Variable Location Values
freqjmp 30 10,08,04,02,01
number of temps 31 00-20
temps table 32 00-FF
Temperature table contains temperatures where 
readings taken. Start at 220 with largest temperature. 
Work down to lowest. Temperatures in table must equal the 
number of temperatures in Location 30. To run 256 
frequencies and user input temperatures location 30 = 01,
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31 = 01 and 220 = 00 •
6) Changes made to MPU program Must be done every time
power is turned off.
Location New Code Location New Code Location New Code
717 81 4AD 81 757 A6
758 21 759 CD 7 5A 07
7 SB 3B 7 5C 9C 75D CC
75E 18 75F B1 792 A8
5A1 FF 6C5 9D 6C6 9D
6C7 9D 6CA 9C 6CB 9D
6CC 9D 6CF 9D 6D0 9D
6D1 9D 604 9D 6D5 9D
6D6 9D 780 19 781 00
782 ID 783 01 784 CD
785 05 786 F8 787 CD
788 06 789 57 78A B6
78B 34 78C CD 78D IE
78E AA 78F CC 790 18
7) Hit G400 on keyboard. Accesses data collection 
program.
8) Hit * on keyboard, opens processor memory for storage.
9) Hit any key. Runs data collection program.
10) When screen returns ! that run is finished.
A) If you are finished with present file hit /. This 
puts you back to connect. Run again for new file.
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B) If you are not finished in current file.
1) Hit #.
2) Imput temperature frequency information. See 
5B.
3) Monitor internal stem temperature by entering G700 
until you reach the desired temperature.
4) Return to steps 7 to 10.
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Appendix E. Basic program for MCAM data conversion to Base 
10 and input into data file.
100 INPUT "INPUT SEEDLING NUMBER"; 3
200 INPUT "INPUT FREQUENCY JUMP (1,2,4,8,16); FREQJMP
600 INPUT "INPUT NUMBER OF FREQUENCIES"; FREQS
650 INPUT "INPUT NUMBER OF FILES THIS RUN"; NFILES
67 5 INPUT "INPUT MAXIMUM TEMPERATURES PER FILE"; MTEMP
800 FOR N = 1 TO NFILES
900 INPUT "INPUT RAW FILE NAME THIS RUN"; F$
902 INPUT "INPUT NAME OF FILE FOR CONVERTED DATA; IF
DONE ENTER END"; C$
904 OPEN C$ FOR OUTPUT AS #2
905 OPEN F$ FOR INPUT AS #3
906 INPUT "INPUT NUMBER OF TEMPS THIS FILE"; TEMPS
909 FOR T = 1 TO TEMPS
915 R = 2 
902 GOSUB 3900
930 TEMPB = .67499 + (.441285 * B)
960 R = 4
1000 FREQNUM = 0
1010 Z = 0
1100 FOR F = 1 TO FREQS
1110 Z = Z + 1
1200 IF (FREQNUM = 0) THEN D = 2
1300 IF (FREQNUM > 0) AND (FREQNUM <=32) THEN D = 8
1400 IF (FREQNUM > 32) AND (FREQNUM <=144) THEN D = 32
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1500 IF (FREQNUM > 144) AND (FREQNUM <=255) THEN
D = 128
1600 FREQNUM = FREQNUM + FREQJMP
17 00 R = 2
1710 REM TEMP FOR EACH FREQUENCY
1720 GOSUB 3900
1730 TEMPF = .67499 + (.441285 * B)
1800 REM MACHINE VOLTS CONVERSION
1900 GOSUB 3900
1910 MV = B
2100 REM PLANT VOLTS CONVERSION
2200 GOSUB 3900
2210 PV = B
2400 REM MACHINE VOLT/PLANT VOLT RATIO
2500 .MVR = MV/PV
2610 R = 4
3000 REM FREQUENCY CONVERSION COUNTER
3100 GOSUB 3900
3110 FC = B
3200 FREQCT = (1/((B*3)/D)*1000
3400 REM PERCENT PHASE ANGLE CONVERSION
3500 GOSUB 3900
3600 PPHASE = ((B/2)/FC*3))*100
3800 GOTO 5235
3 900 REM SUBROUTINE DECIMAL CONVERSION
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4000 B = 0
4100 FOR I = 1 TO R
4200 IF EOF (3) THEN 5400
4 300 INPUT #3, A$
4301 IF A$ = "!" THEN GOTO 4200
4400 IF (A$ >= "0") AND (A$ <= "9") THEN GOTO 4600
4500 IF (A$ >= "A") AND (A$ <= "F") THEN GOTO 4800
4600 A = ASC(A$) - ASC ("O")
4650 A = ASC(A$) - ASC ("0")
4700 GOTO 4900
4800 A = ASC(A$) - ASC ("A") + 10
4900 B = B * 16 + A
5000 NEXT I
5100 RETURN
5225 PRINT
5235 PRINT #2, USING ”# ## ## ### ### ##.## #####
###"; S, TEMPB, TEMPF, MV, MPR, FREQCT, Z
5250 NEXT F
5300 NEXT T1
5380 CLOSE #3
5390 CLOSE #2
5395 PRINT
5400 NEXT N
5450 END
40
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Appendix F. Graphical depiction of input/output voltage 
ratio response for Seedlings 1-10,
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Appendix G. Regression equasions for use in curve slope 
analysis.
Seedling
Number
Temp.
Class
Y-
intercept Slope
Adjusted
r2 SEE
1
1
STRT
o
30 C 
o
35 C 
o
40 C 
o
45 C 
O
50 C 
o
55 C 
O
60 C 
o
65 C 
o
70 C
12.54 
9 .80 
9.24 
8.85 
9.46 
8.40 
7 . 33 
4 . 35 
2.98 
3.11
■8 . 86 
6.68 
■6.26 
5.98 
■6.34 
5.52 
-4.69 
2.51 
■1.72 
■1.78
.99
.99
.99
.98
.98
.99
.98
.95
.95
.91
.026
.025
.013
.020
.024
.011
.016
.016
.010
.014
2
2
2
2
2
2
2
2
2
2
STRT
o
30 C 
o
35 C
O
40 C 
o
45 C 
o
50 C 
o
55 C 
o
60 C 
o
65 C 
o
70 C
11 . 35 
9.92
9.31
9.32 
8.95 
8.62 
5.35 
3.46 
3.02 
3.24
7 . 86 
6.73 
6.27 
■6.32 
-6.09 
-5.92 
-3.36 
- 2.11 
-1.85 
- 2.00
.99
.99
.99
.99
.99
.98
.97
.97
.93
.94
.023
.021
.017
.019
.012
.019
.014
.010
.012
.012
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SeedlingNumber TempClass
Y-
Intercept Slope Adjustedr2 SEE
3
3
3
3
3
3
3
3
3
3
STRT
o
30 C 
o
35 C 
O
40 C 
o
45 C 
O
50 C 
o
55 C 
o
60 C 
o
65 C 
O
70 C
12.13 
11.01 
10.21 
9 .84 
9 . 78 
8.83 
7.91 
5.04 
3.63 
4 . 22
-8.83 
-7.93 
-7 .28 
-6.99 
-6.90 
-6.13 
-5 .43 
-3 .21 
-2.15 
-2.54
.99 
.99 
.99 
.99 
. 99 
.99 
.99 
.98 
.95 
.92
.019
.022
.019
.014
.009
.018
.016
.012
.012
.019
4
4
4
4
4
4
4
4
4
4
STRT
o
30 C 
O
35 C 
o
40 C 
o
45 C 
o
50 C 
o
55 C 
o
60 C 
o
65 C 
O
70 C
16.09 -11.65
13.72 -9.78
12.02 -8.36
12.46 -8.69
11.71 -8.02
11.31 -7.57
NO DATA 
4.892 -2.95
3.95 -2.49
6.29 -3.86
.99
.99
.98
.99
.97
.98
.95
.89
.96
.022
.009
.027
.024
.037
.025
.017
.022
.019
5
5
STRT
o
30 C
11.56
10.71
-8.45
-7.76
.98
.98
.027
.023
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SeedlingNumber
TempClass Intercept Slope
Adjusted
r2 SEE
5
5
5
5
5
5
5
5
o
35 C 
O
40 C 
o
45 C 
o
50 C
550C
o
60 C 
o
65 C 
o
70 C
9.76 
9.12 
8.39 
7 . 29 
4 . 22 
2.49 
3.03 
3.59
•6.99
6.42
5.80
4.89
■2.52
■1.35
■1.78
-2.08
.98
.99
.99
.99
.96
.88
.92
.90
.024
.015
.014
.014
.014
.013
.013
.018
6
6
6
6
6
6
6
6
6
6
STRT
o
30 C 
o
35 C 
o
40 C 
o
45 C 
O
50 C 
o
55 C 
o
60 C 
O
65 C 
o
70 C
9.54
6.41
5.57 
5.46 
5.07
4.57 
4 . 34
2.49
2.50
3.58
6.48 
■4.06 
■3.39 
■3 .33 
■3.00 
■2.53 
■2.59 
■1.44 
■1. 44 
■2.15
.99 
.99 
.98 
.97 
.95 
.96 
.92 
.81 
. 88 
.89
.015
.011
.012
.015
.018
.012
.019
.017
.014
.017
7
7
7
7
STRT
o
30 C 
o
35 C 
o
40 C
6.66
5.51
4.97
4.67
4.54
■3.63
■3.20
•2.97
.99 
.98 
. 98 
.96
.011
.012
.010
.015
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SeedlingNumber TempClass
Y-
Intercept Slope Adjustedr2 SEE
7
7
7
7
7
7
o
45 0 
O
50 C 
O
55 C 
o
60 C 
o
65 C 
o
70 C
4.76 
4. 30 
3.02 
2.62 
2.94 
3.11
-3.05 
-2.72 
-1.82 
-1.55 
-1.76 
-1.75
97
97
93
90
91 
88
.013
.012
.013
.013
.014
.016
8
8
8
8
8
8
8
8
8
8
STRT
o
30 C
35oC
40oC
450C
50oC
o
55 C 
o
60 C 
o
65 C 
o
70 C
11.00 
9.01 
8.68 
8.45 
8.28 
7.56 
5. 36 
4.03 
2.75 
2.84
-7.85 
-6.31 
- 6.00 
-5.79 
-5.97 
-4.97 
-3.65 
-2. 34 
- 1.11 
-0.95
.98 
.98 
.99 
.99 
.98 
.99 
.98 
.90 
.65 
. 48
.030
.022
.012
.015
.018
.015
.012
.020
.020
.024
9
9
9
9
9
9
STRT
o
30 C 
o
35 C 
o
40 C 
o
45 C 
o
50 C
15.16
10.25
8.64
7.57
6.58
-10.719 
-6.93 
-5.69 
NO DATA 
-4.75 
-3.89
.99
.98
.97
.97
.98
.020
.030
.025
.020
.016
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Seedling Temp Y- Adjusted
Number class Intercept Slope r2 SEE
_
9 55 C 4.80 -2.95 .97 .012o
9 60 C 3.38 -1.89 .87 .019
O
9 65 C 3.37 -1.69 .77 .023
o
9 70 C 3.74 -1.87 .58 .039
10 STRT 24.80 -18.17 .99 .031
o
10 30 C 18.55 -13.37 .98 .049
O
10 35 C 17.02 -12.19 .99 .029
O
10 40 C 14.68 -10.38 .99 .021
O
10 45 C 13.04 -9.14 .99 .022
o
10 50 C 11.025 -7.65 .99 .014
O
10 55 C 7.17 -4.78 .97 .020
O
10 60 C 4.09 -2.60 .96 .014
o
10 65 C 4.06 -2.42 .90 .020
O
10 70 C 4.89 -2.76 .95 .017
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